has been proposed to inhibit insulin secretion through GABA B receptors (GABA BRs) in pancreatic ␤-cells. We investigated whether GABA BRs participated in the regulation of glucose homeostasis in vivo. The animals used in this study were adult male and female BALB/C mice, mice deficient in the GABA B1 subunit of the GABABR (GABA B Ϫ/Ϫ ), and wild types (WT). Blood glucose was measured under fasting/fed conditions and in glucose tolerance tests (GTTs) with a Lifescan Glucose meter, and serum insulin was measured by ELISA. Pancreatic insulin content and islet insulin were released by RIA. Western blots for the GABA B1 subunit in islet membranes and immunohistochemistry for insulin and GABA B1 were performed in both genotypes. BALB/C mice preinjected with Baclofen (GABA BR agonist, 7.5 mg/kg ip) presented impaired GTTs and decreased insulin secretion compared with saline-preinjected controls. GABA B Ϫ/Ϫ mice showed fasting and fed glucose levels similar to WT. GABA B Ϫ/Ϫ mice showed improved GTTs at moderate glucose overloads (2 g/kg). Baclofen pretreatment did not modify GTTs in GABA B Ϫ/Ϫ mice, whereas it impaired normal glycemia reinstatement in WT. Baclofen inhibited glucose-stimulated insulin secretion in WT isolated islets but was without effect in GABA B Ϫ/Ϫ islets. In GABA B Ϫ/Ϫ males, pancreatic insulin content was increased, basal and glucose-stimulated insulin secretion were augmented, and impaired insulin tolerance test and increased homeostatic model assessment of insulin resistance index were determined. Immunohistochemistry for insulin demonstrated an increase of very large islets in GABA B Ϫ/Ϫ males. Results demonstrate that GABABRs are involved in the regulation of glucose homeostasis in vivo and that the constitutive absence of GABA BRs induces alterations in pancreatic histology, physiology, and insulin resistance.
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␥-aminobutyric acid; insulin; glycemia; pancreas histology ␥-AMINOBUTYRIC ACID (GABA) is the main inhibitory neurotransmitter in the central nervous system. It acts on three types of receptors, GABA A , GABA B , and GABA C receptors (GABA A Rs, GABA B Rs, and GABA C Rs, respectively). GABA A/C Rs are ionotropic and belong to the superfamily of ligand-gated ion channels. Metabotropic GABA B Rs are functionally coupled to G i/o proteins. GABA B Rs have been described to assemble as heteromers formed by a GABA B1 and a GABA B2 subunit (3, 31, 32, 34, 61) . Two major isoforms of GABA B1 , GABA B1a and GABA B1b , arising from differential promoter usage of the GABA B1 gene were isolated (31) , coding for proteins of 130 and 100 kDa, respectively. Recently, two strains of mice deficient in either the GABA B1 subunit (52) or the GABA B2 subunit (18) were developed, both of which suffer from spontaneous seizures, hyperalgesia, hyperlocomotor activity, and severe memory impairment. This demonstrates that most GABA B functions depend on heterodimerization between the GABA B1 and GABA B2 subunits. However, GABA B2 Ϫ/Ϫ , but not GABA B1 Ϫ/Ϫ , mice still exhibit atypical electrophysiological GABA B responses, indicating that, in vivo, GABA B1 can be functional in the absence of the partner subunit (4) .
GABA is also found at high concentrations in other nonneuronal peripheral tissues, such as the endocrine pancreas (15, 20, 37, 58) , in which its synthetic and degrading enzymes, glutamate decarbolylase (GAD) and GABA transaminase, respectively (59) , its transporters proteins (13, 17) , and GABA A (48) and GABA B Rs (11) are also located. In general, GAD and GABA B Rs have been detected in insulin-producing ␤-cells in mice, whereas GABA A Rs are located mainly in glucagonproducing ␣-cells (11, 53) . Nevertheless, a recent study (9) showed, by RT-PCR, presence of GABA B R subunits also in rat ␣-cells, suggesting that species differences in expression may also exist. It should be noted that local GABA may not originate only from endocrine cells, as GABAergic neurons are closely associated and even penetrate the islet mantle (49, 55) . Although a complete GABA system had been characterized in the endocrine pancreas, its role in the regulation of pancreatic physiology has remained elusive. GABA can, via the formation of succinic semialdehyde and succinic acid, be introduced into the tricarboxylic acid cycle and has therefore been suggested to serve as an energy source within the ␤-cell (55) . A role for GABA modulating pancreatic exocrine secretion has recently been suggested (43) . In addition, regulated exocytosis of GABA-containing synaptic-like microvesicles in ␤-cells has been demonstrated (8, 25, 35) . Various in vitro studies have postulated an autocrine/paracrine role for GABA in the regulation of insulin, glucagon, and somatostatin secretion, although in some cases contradictory results were obtained. Wendt et al. (60) elegantly demonstrated that GABA released from ␤-cells inhibits glucagon release from ␣-cells in rat pancreas, confirming previous results in ␣ 2 cells (48), mouse islets, and perfused rat pancreas (19) . Moreover, Xu et al. (62) proposed that insulin sensitized ␣-cells to ␤-cell-secreted GABA by phosphorylation and translocation of GABA A Rs to the cell surface. Although some authors have proposed that GABA was not involved in somatostatin release (19, 48) , others have proposed that GABA inhibited somatostatin secretion through GABA A Rs (47) . Regarding insulin, some authors have proposed that GABA had no effect on insulin release under various glucose concentrations in mouse or rat islets (19) . Interestingly, expression of transgenic GAD65 and consequently elevated GABA levels in ␤-cells resulted in impaired insulin secretion and diabetes in transgenic mice (53) , in agreement with results proposing an inhibitory role for GABA on insulin secretion in the perfused rat pancreas (23) . Recently, it was demonstrated (9, 11) that GABA inhibits insulin secretion specifically through GABA B Rs in the presence of high glucose in MIN6 cells and in rat islets. Moreover, GABA B Rs in the presence of calcium have been shown to enhance metabotropic glutamate signaling in the absence of GABA in cerebellum (56, 57) , turning a possible regulation by these receptors more complex, since glutamate is another important autocrine/paracrine islet-signaling molecule (38) . Interestingly, in addition to the participation of GABA in these physiological processes, an overexpression of GABA A receptor pi subunit in pancreatic adenocarcinomas has also been demonstrated (30) .
In the present work, the participation of GABA B Rs in the physiology of the endocrine pancreas, in particular regarding the regulation of in vivo mouse glucose homeostasis, was evaluated by a pharmacological approach using a GABA B R agonist, baclofen, in GABA B Ϫ/Ϫ mice lacking the GABA B1 subunit and presenting a constitutive loss of GABA B responses.
MATERIALS AND METHODS

Animals. GABAB
Ϫ/Ϫ mice lacking the GABAB1 subunit of the GABABR generated in the BALB/C inbred mouse strain (52) were obtained by intercrossing heterozygous animals. Fingertip biopsies (performed for identification purposes) were used to isolate DNA for animal genotyping by PCR as described (52) . In addition, 2-to 3-mo-old male and female BALB/C mice from the Instituto de Biología y Medicina Experimental colony were used. All animals were housed in groups in air-conditioned rooms, with lights on from 0700 to 1900, and given free access to laboratory chow and tap water. Studies were performed according to protocols for animal use and approved by the Institutional Animal Care and Use Committee and by the National Institutes of Health (NIH). Female and male mice from both genotypes, GABA B Ϫ/Ϫ and wild types (WT), were used at 2-3 mo of age. At this age mice used within the same sex did not differ in body weight [body weight (g): WT females 20.2 Ϯ 0.6 (n ϭ 15), GABA B Ϫ/Ϫ females 22.1 Ϯ 1.0 (n ϭ 14), WT males 27.6 Ϯ 0.3 (n ϭ 46), GABAB Ϫ/Ϫ males 27.5 Ϯ 0.7 (n ϭ 44)], in agreement with previous data from the colony (12) . For each experimental design animals were age-matched littermates, and body weights were recorded.
Basal blood glucose titers and glucose tolerance tests. Blood glucose was measured by a One-Touch Ultra glucose meter (Lifescan) from tail blood. For the glucose tolerance test (GTT), intraperitoneal glucose [2 g/kg body wt (22, 33) ] was injected in overnight-fasted mice (15-18 h ) and blood glucose evaluated at 0, 10, 20, 30, 40, 60 , and 75 min postinjection in WT and GABA B Ϫ/Ϫ age-and sexmatched mice. Body weights (g) were as follows: WT females 20.2 Ϯ 0.6 (n ϭ 15), GABA B Ϫ/Ϫ females 22.1 Ϯ 1.0 (n ϭ 14), WT males 27.1 Ϯ 0.3 (n ϭ 16), GABAB Ϫ/Ϫ males 26.2 Ϯ 0.9 (n ϭ 16). Baclofen, a GABAB agonist (Lioresal, a gift from Novartis), was tested at various doses (2.5, 5.0, or 7.5 mg/kg body wt ip) administered 20 min before the 2 g/kg body wt glucose injection in preliminary experiments performed in BALB/C male mice. The dose of 7.5 mg/kg was selected, as results were more consistent, in agreement with previous experiments performed in mice (28) . Blood glucose was evaluated at 0, 30, 60, and 75 min postglucose administration in baclofen-or saline-pretreated BALB/C mice. Body weights (g) were as follows: saline-treated males 26.2 Ϯ 0.9 (n ϭ 7), baclofen-treated males 26.0 Ϯ 0.7 (n ϭ 8), saline-treated females 21.1 Ϯ 0.5 (n ϭ 10), baclofen-treated females 21.1 Ϯ 0.4 (n ϭ 10).
In addition, intraperitoneal GTTs with baclofen (7.5 mg/kg) or saline preinjection were also performed in WT and GABA B Ϫ/Ϫ age-matched male mice. Body weights (g) were as follows: salinepretreated WT males 25.0 Ϯ 1.3 (n ϭ 5), baclofen-pretreated WT males 25.8 Ϯ 0.6 (n ϭ 5), saline-pretreated GABA B Ϫ/Ϫ males 26.0 Ϯ 1.6 (n ϭ 5), baclofen-pretreated GABA B Ϫ/Ϫ males 24.7 Ϯ 1.8 (n ϭ 4). Insulin tolerance test. Blood glucose was measured as above in male age-matched WT and GABA B1 Ϫ/Ϫ mice fasted for 2-4 h after 0, 10, 20, 30, and 60 min of an intraperitoneal injection of 1 U/kg body wt of human insulin (a gift from Laboratorios Beta, Buenos Aires, Argentina). Body weights (g) were as follows: WT 28.2 Ϯ 0.7 (n ϭ 15), GABA B1 Ϫ/Ϫ 28.2 Ϯ 1.3 (n ϭ 15). Insulin determination. Serum insulin was measured with a mouse insulin ELISA kit (Crystal Chem, Chicago, IL) at 0, 10, 20, 30, and 60 min after the intraperitoneal injection of 3 g/kg body wt of glucose, as described (22, 33) , in age-matched WT and GABA B Ϫ/Ϫ male mice fasted for 15-18 h. Body weights were as follows (g): WT 27.3 Ϯ 0.7 (n ϭ 15), GABA B1 Ϫ/Ϫ 28.2 Ϯ 1.4 (n ϭ 13). In fasted BALB/C male mice preinjected with either saline or baclofen (7.5 mg/kg body wt ip, 20 min before glucose administration), insulin was determined at 0, 5, 15, 30, and 60 min after 3 g/kg body wt ip glucose injection. Body weights (g) were as follows: saline-treated males 25.4 Ϯ 0.6 (n ϭ 9), baclofen-treated males 25.6 Ϯ 0.8 (n ϭ 10).
To measure pancreas insulin content, age-and sex-matched WT and GABA B1 Ϫ/Ϫ adult mice were killed in the morning, pancreases were weighed, and insulin was extracted from pancreas homogenates with acid-ethanol. Pancreas weight in each sex did not differ between genotypes [pancreas wet weight (mg): WT females 179 Ϯ 16 (n ϭ 5), GABA B Ϫ/Ϫ females 214 Ϯ 25 (n ϭ 5), WT males 231 Ϯ 14 (n ϭ 10), GABA B Ϫ/Ϫ males 249 Ϯ 11 (n ϭ 12)]. Briefly, tissues were homogeneized in 40 vol of acid-ethanol [75% ethanol, 25% acetic acid (25% vol/vol)] and extracted overnight at 4°C. The homogenates were centrifuged (10 min, 2,000 g, 4°C) and the supernatants neutralized with 1 volume of 0.85 M Tris. After a second incubation (60 min, Ϫ20°C) and centrifugation (30 min, 3,000 g, 4°C), the supernatants were stored at Ϫ70°C until they were used. Pancreatic insulin content, islet insulin content, and insulin secreted from cultured islets were measured by RIA using human insulin for iodination and standard, provided by Laboratorios Beta, and anti-bovine insulin antibody (Sigma, St. Louis, MO) (14) . All samples were evaluated in the same RIA. The minimum detectable concentration was 2 ng, and the intra-assay coefficient of variation was 6.8%. Numbers of animals were 10 -12 for males and 5 for females.
Islet isolation from WT and GABA B1 Ϫ/Ϫ male mice. Pancreatic islets were isolated from 2-to 3-mo-old male mice from each genotype, as described by Asghar et al. (2) , with minor modifications. Briefly, 3 ml of collagenase (0.6 mg/ml; Sigma) was injected into the pancreatic duct, and pancreatic tissue was gently removed and digested in collagenase solution at 37°C for 10 -15 min. The digestion was stopped by ice-cold RPMI 1640 supplemented with 10% fetal bovine serum. Islets were then handpicked under a dissecting microscope. Islets were either incubated overnight in RPMI 1640 supplemented with 10% fetal bovine serum and antibiotics for insulin secretion studies or homogenized in 10 volumes of ice-cold 0.32 M sucrose containing 1 mM MgCl2 and 1 mM K2HPO4 for membrane protein extraction (42) for Western blot analysis.
Glusose stimulated insulin secretion in cultured islets from WT and GABA B1
Ϫ/Ϫ male mice. After the overnight incubation, islets were picked into Krebs-Ringer bicarbonate (KRB) buffer containing 2.8 mM glucose for 1-h preincubation at 37°C. They were then transferred into 1.5-ml microcentrifuge tubes (5 islets/tube) containing 500 l of KRB buffer with 2.8 mM or 20 mM glucose in the presence or absence of 10 M baclofen. After 1-h incubation, 300 ul supernatant/ sample was collected and frozen at Ϫ20°C for insulin assay by RIA. The microcentifuge tubes were centrifuged for 10 min at 3,000 rpm, the rest of the supernatant was discarded, and acid-ethanol was added (250 l/sample; ethanol-H 2O-HCl ϭ 150:47:3), and the samples were kept overnight at 4°C. They were then speed-vacuumed to evaporate. Thereafter, 60 l H 2O/sample was added, and samples were used for measuring total insulin content. Insulin results are expressed as the relationship between secreted insulin and insulin content per microcentrifuge tube.
Western Blot analysis. Western blot analysis for the GABA B1 subunit was performed in WT and GABAB1
Ϫ/Ϫ male mice islet membrane proteins, obtained as previously described (5, 6, 46) . Briefly, 50 g of islet membrane protein preparations from each genotype and 5 g of a cerebellum membrane protein preparation of WT animals, used as positive control, were subjected to 8% SDS-PAGE. Proteins were transferred onto nitrocellulose membranes. Blots were blocked for 2 h in PBS-0.2% Tween 20 -5% nonfat milk and incubated overnight at 4°C with a guinea pig anti-GABA B1 antibody (antibody GP311, 1:4,000 in PBS-0.2% Tween 20 -5% nonfat milk; a gift from Dr. Marta Margeta, Jan Lab, University of California San Francisco, San Francisco, CA) that specifically binds the GABAB1a (130 kDa) and GABAB1b (100 kDa) isoforms of the GABAB1 subunit of the GABAB receptor, as described by MargetaMitrovic et al. (36) . Secondary antibody was horseradish peroxidase coupled (1:1,000 in PBS-0.1% Tween 20 -1% bovine serum albumin for 60 min at room temperature; Sigma). Detection was performed using an enhanced chemiluminiscence Western blot analysis system (Western blotting chemiluminescence luminol reagent; Santa Cruz Biotechnology).
Immunohistochemistry. Histological sections of pancreas (5 m) were cut from paraffin blocks and mounted on glass microscope slides. Immunohistochemistry was performed to localize cells staining for insulin by the avidin-biotin peroxidase method. Sections were incubated in 0.3% (vol/vol) hydrogen peroxidase to block endogenous peroxidase activity for 20 min at room temperature, followed by an incubation with 10% goat serum for 20 min at 37°C to reduce nonspecific binding. Thereafter, slides were incubated with guinea pig anti-bovine insulin (1:1,000; Sigma, MO) overnight at 4°C. After being washed with PBS, slides were incubated with biotinylated goat anti-guinea pig IgG (1:300; Santa Cruz Biotechnology) for 60 min at room temperature and finally incubated with Vectastain ABC system (Vector Laboratories) for 45 min at room temperature. Insulin immunoreactivity was visualized by incubation with diaminobenzidine tetrahydrochloride (Boehringer Mannheim) for 13-15 min. Tissue sections were counterstained with hematoxylin. Controls included substitution of primary antiserum with nonimmune serum or the omission of the secondary antiserum.
For GABAB1 immunohistochemistry the same guinea pig antiGABAB1 antibody GP311 was used (1:5,000), and procedure was as described above, with minor modifications; incubations with goat serum and diaminobenzidine tetrahydrochloride lasted 30 and 3 min, respectively.
Morphometric analysis. Pancreata from six male and five female adult mice from each genotype were examined. Morphometric analysis was performed using a Nikon-transmitted light microscope at a magnification of ϫ40, ϫ100, or ϫ400. Image analysis was performed with ImageJ software (NIH). The number of islets, ␤-cell area, taken as the insulin-positive area, and total pancreas area were calculated from three sections of each pancreas, representing the entire pancreas for each animal (head, body, and tail). Approximately 70 -120 islets/ animal, defined as insulin-positive aggregates of an area larger than 500 m 2 (16), were analyzed. The number of islets were scored, and islets ranging from 501 to 5,000 m 2 were defined as small, those of 5,001-10,000 m 2 were defined as medium, those of 10,001-25,000 m 2 were defined as large, and those Ͼ25,000 m 2 were defined as very large.
Statistical analysis. Plasma glucose, insulin titers, and all morphometric data are expressed as means Ϯ SE. All statistical analysis was performed with Statistica '99 edition. The differences between means were analyzed by the unpaired Student's t-test or by two-way ANOVA followed by Newman-Keuls test or Tukey's honestly significant difference test for unequal N. For multiple determinations in the same animal, two-way ANOVA with repeated-measures design was used, followed by planned comparisons. P Ͻ 0.05 was considered statistically significant.
RESULTS
Glucose tolerance tests and insulin secretion in BALB/C mice after baclofen or saline pretreatment. During the intraperitoneal GTT, preinjection with baclofen (7.5 mg/kg ip) induced a significant impairment in the recovery of blood glucose to baseline levels after the glucose overload without modifying either basal titers or the maximal glucose levels attained in BALB/C male mice [blood glucose (mg/dl) 75 min postglucose injection: saline pretreatment 121.0 Ϯ 9.6 (n ϭ 7) vs. baclofen pretreatment 180.5 Ϯ 10.7 (n ϭ 8), P Ͻ 0.02; Insulin secretion was also clearly affected by 7.5 mg/kg baclofen pretreatment, inducing a significant decrease in serum levels 5 and 15 min after a 3 g/kg glucose overload, without affecting basal levels (Fig. 1B) . In addition, when the area under the insulin curve (AUC) was calculated, a significant reduction induced by baclofen administration was observed [AUC (ng⅐ml Ϫ1 ⅐min): saline pretreatment 19.2 Ϯ 1.50 (n ϭ 10) vs. baclofen pretreatment 12.0 Ϯ 2.6 (n ϭ 10), P Ͻ 0.03]. In addition, at this glucose overload an impairment in the recovery of blood glucose was also observed (Fig. 1B, inset) .
Western blot analysis and immunohistochemistry for the GABA B1 subunit of the GABA B R in WT and GABA B Ϫ/Ϫ mice. Both Western blot and immunohistochemical analyses demonstrated the presence of GABA B Rs in islets of WT animals and absence of these receptors in islets of GABA B Ϫ/Ϫ mice. Previously, the presence of GABA B R proteins had been demonstrated in MIN and HIL cells (11) and also their mRNA in rat islets (9) .
Western blots showed the presence of the characteristic bands corresponding to GABA B1a (130 kDa) and GABA B1b (100 kDa) isoforms of the GABA B1 subunit in WT islet membranes and in cerebellum membranes, used as positive controls, and absence of bands in islet membranes from GABA B Ϫ/Ϫ mice ( Fig. 2A) . As expected, positive immunostaining for the GABA B1 subunit was observed in islets from WT mice pancreatic sections (ϫ400; Fig. 2B, right) . No specific staining was observed in GABA B Ϫ/Ϫ mice (Fig. 2B,  left) . Staining for insulin in a contiguous section showed a large coincidence of immunopositive areas (not shown), in agreement with the ␤-cell localization proposed for this receptor by RT-PCR and immunoblotting experiments in mice and rats (11) .
Basal glucose levels and glucose tolerance tests in WT and GABA B
Ϫ/Ϫ male and female mice. Fasting and fed glucose levels were similar between both genotypes in each sex (Fig. 3, A and B) . In the fed condition, male glucose levels were significantly higher than in females [two-way ANOVA: main effect genotype, not significant (NS); main effect sex, P Ͻ 0.01]. During the GTT, with a glucose challenge of 2 g/kg body wt, both male and female GABA B Ϫ/Ϫ mice showed a blunted elevation of blood glucose compared with WT (Fig. 3,  C and D) . This effect was more marked in males than in females, as also evidenced by a significant decrease in the area under the glucose curve in knockout males compared with WT (P Ͻ 0.006; Fig. 3C, inset) , which did not reach statistical significance in females (P ϭ 0.09; Fig. 3D, inset) . As expected, whereas baclofen (7.5 mg/kg) preinjection impeded normal glycemia reinstatement in WT male mice, as shown for BALB/C mice, in GABA B Ϫ/Ϫ mice baclofen administration had no effect [blood glucose (mg/dl) 75 min postglucose injection: saline-pretreated WT 150.4 Ϯ 9.4 (n ϭ 5), baclofen-pretreated WT 249.2 Ϯ 32.9 (significantly different from saline-pretreated WT mice;n ϭ 5), salinepretreated GABA B Ϫ/Ϫ 158.0 Ϯ 9.0 (n ϭ 5), baclofen- ; n ϭ 8 for each group. Two-way ANOVA with repeated-measures design: interaction, P Ͻ 0.001. a Significantly different from levels at 30 min in saline-pretreated mice; *significantly different from saline-pretreated animals. B: insulin secretion under 3 g/kg ip glucose overload after ip preinjection of 7.5 mg/kg BACL (F) or saline (■) as described above; n ϭ 10 for each group. Two-way ANOVA with repeated-measures design: interaction, not significant (NS); treatment factor, P Ͻ 0.001; time factor, P Ͻ 0.001. *Significantly different from BACL by planned comparisons, P Ͻ 0.01 at 5 min and P Ͻ 0.03 at 15 min. Inset: blood glucose levels (mg/dl) after a 3 g/kg ip glucose overload in BACL-or saline-pretreated animals. *Significantly different from saline. and GABAB Ϫ/Ϫ mice Langerhans islets and GABAB ϩ/ϩ cerebellum (Cer) membranes. Note the presence of the characteristic bands of 130 (GABAB1a) and 100 kDa (GABAB1b) in the wild-type (WT) tissues (Cer, islets) and absence of bands in the GABAB Ϫ/Ϫ islet membranes. B: immunohistochemistry for the GABAB1 subunit of the GABAB receptor in pancreata of WT and GABAB Ϫ/Ϫ mice. Representative microphotographs of pancreas sections of GABAB Ϫ/Ϫ (left) and WT (right) male mice immunostained for the GABAB1 subunit of the GABAB receptor (ϫ400). Note the positive staining in the WT section and the absence of specific staining in the GABAB knockout section. Magnification bar, 50 m.
pretreated GABA B
Ϫ/Ϫ 169.3 Ϯ 22.3 (n ϭ 4); two-way ANOVA: interaction, P ϭ 0.05].
Pancreas insulin content and insulin response to a glucose challenge of 3 g/kg ip in WT and GABA B
Ϫ/Ϫ mice. Because GABA B Ϫ/Ϫ mice showed improved GTTs, we next evaluated pancreatic insulin content in these mice compared with WT. Insulin content was increased in GABA B Ϫ/Ϫ males (Fig. 4A ), whereas it did not achieve statistical significance in females (P ϭ 0.07; Fig. 4B ). Because insulin content differed only between male genotypes, we evaluated insulin secretion in WT and GABA B Ϫ/Ϫ males. Under a glucose challenge (3 g/kg ip), insulin increased in both genotypes, but overall insulin titers were significantly augmented in GABA B Ϫ/Ϫ mice (2-way ANOVA: interaction, NS; main effect genotype, P Ͻ 0.05; main effect time, P Ͻ 0.001) (Fig. 4C) . Although no differences were observed in fasting glucose levels (see above), planned comparisons showed that insulin was significantly increased basally (P Ͻ 0.03) and after 10 min of glucose administration (P Ͻ 0.04) in GABA B Ϫ/Ϫ mice. Normal fasting glucose levels with increased basal insulin were a first index of insulin resistance in GABA B Ϫ/Ϫ males. Although the absolute insulin levels achieved were higher in GABA B Ϫ/Ϫ males, the AUCs did not differ between genotypes (not shown). In addition, the percent increase over basal levels 10 min after glucose administration was similar in both genotypes [%increase after 10 min: WT 368.3 Ϯ 53.5 (n ϭ 15) vs. GABA B Ϫ/Ϫ 298.9 Ϯ 44.3 (n ϭ 13), NS]. Under this glucose challenge the blood glucose titers attained were significantly higher in knockouts than in WT (Fig. 4C, inset) , notwithstanding the trend toward higher insulin levels observed in knockouts.
Effect of baclofen on glucose-stimulated insulin secretion in cultured islets from WT and GABA B1
Ϫ/Ϫ mice. To characterize the physiological impact of the absence of functional GABA B Rs in pancreatic islets from GABA B Ϫ/Ϫ mice, glucose-stimulated insulin secretion (GSIS) assays were performed in islets from both genotypes in the presence or absence of baclofen (10 M). The GABA B agonist significantly inhibited GSIS in WT islets without modifying basal levels, as previously described (9, 11); baclofen had no effect on GSIS in islets from GABA B Ϫ/Ϫ mice (Fig. 5) .
Assessment of insulin resistance in GABA B
Ϫ/Ϫ male mice and WT controls. GABA B Ϫ/Ϫ mice showed an altered response during an insulin tolerance test (ITT; Fig. 6A ), with the glucose levels 60 min after the insulin injection being significantly higher than in controls (P ϭ 0.04), indicating that these mice were insulin resistant. As an additional parameter to assess insulin sensitivity, the inverse area under the glucose curve was calculated, demonstrating a significant decrease in knockout animals (Fig. 6A, inset) . When the homeostatic model assessment of insulin resistance (HOMA-IR) was calculated, this index showed a twofold increase in the knockout males (Fig. 6B) .
Histological analysis of pancreas in adult male and female WT and GABA B
Ϫ/Ϫ mice. Because we had shown an increase in pancreatic insulin content and increased insulin secretion in GABA B Ϫ/Ϫ male mice, we next examined whether this was (Fig. 7A ) nor ␤-cell area relative to pancreas area (Fig. 7C ) differed between genotypes in males. Nevertheless, when the percent distribution of islet number according to size was evaluated, a significant difference between genotypes was evident due to an increase in the number of very large islets (Ͼ25,000 m 2 ) in the GABA B Ϫ/Ϫ males (Fig. 7B) , representing ϳ10% of total islet number compared with only 1% in WT (P Ͻ 0.01). Interestingly, when the percent distribution of islet area according to islet size was evaluated, we observed that 42% of the insulin-positive area in GABA B Ϫ/Ϫ mice corresponded to very large islets compared with only 11% in WT (P Ͻ 0.03; Fig. 7D) . A representative image of these very large islets (ϫ100) seen in GABA B Ϫ/Ϫ animals is shown in Fig. 7E compared with a large islet that is more characteristic of WT males (Fig. 7F) .
In females, no differences between genotypes in any of the morphometric parameters were observed (Fig. 8) .
DISCUSSION
The presence in the endocrine pancreas of a complete GABAergic system with synthesizing and catabolizing enzymes, receptors, and transporters has been amply documented (11, 15, 17, 20, 37, 48, 58, 59) . Nevertheless, an in-depth comprehension of the importance of pancreatic GABA in the control of glucose homeostasis is still lacking. Recent studies have pointed to an autocrine inhibitory action of ␤-cell-secreted GABA on insulin secretion by acting on GABA B receptors (9, 11) , in agreement with previous data in the perfused rat pancreas (23) . An intraislet paracrine inhibitory role for GABA (filled bars) male (A) and female (B) mice was determined by RIA after animals were killed in the morning and insulin extracted from pancreas; n ϭ 10 -12 males and 5 females. *P Ͻ 0.01 compared with WT. C: the insulin response to a glucose overload (3 g/kg ip) was determined in overnight-fasted WT (ᮀ; n ϭ 15) and GABAB Ϫ/Ϫ males (■; n ϭ 13). Two-way ANOVA with repeated-measures design: interaction, NS; main effect genotype, P Ͻ 0.05; main effect time, P Ͻ 0.001. *Significantly different from WT by planned comparisons, P Ͻ 0.03. Inset: glucose excursion in both genotypes: 2-way ANOVA with repeated-measures design: interaction, NS; main effect genotype, P Ͻ 0.02; main effect time, P Ͻ 0.001. *Significantly different from WT by planned comparisons, P Ͻ 0.02. on glucagon secretion by acting on GABA A receptors in ␣-cells was also reported (48, 60, 62) , confirming similar results in mouse islets and perfused rat pancreas (19) . Although these in vitro studies point to a specific role for GABA in the control of insulin/glucagon release, the importance of this neurotransmitter in the in vivo condition, where all the complex signals regulating glucose homeostasis converge, remained to be elucidated. In addition to a pharmacological approach, the GABA B receptor knockout mouse was an interesting model to assess this subject.
Baclofen, a specific GABA B receptor agonist, did not affect the maximal glucose level attained in a GTT but dose-dependently inhibited the reinstatement of basal serum glucose titers 75 min after the glucose challenge in BALB/C mice. In fact, a baclofen-induced inhibition of insulin secretion was also demonstrated. To our knowledge, these are the first data suggesting the participation of GABA B receptors in the in vivo regulation of glucose homeostasis, and they are in agreement with in vitro results obtained by others (9, 11, 23) . Previous works (21) had shown a lack of effect of baclofen on blood glucose after a glucose overload, although a low dose and a single time point were evaluated; in addition, those results were obtained in rats, and species differences may also occur. Next, glucose homeostasis was investigated in the GABA B Ϫ/Ϫ mice, in which functional GABA B receptors are absent, as demonstrated by the absence of the GABA B1 subunit in Langerhans islets by immunohistochemical and Western blot analyses. GABA B Ϫ/Ϫ animals showed similar weight gain curves from birth to early adulthood to their wild-type littermates within the same sex (12) , indicating that profound alterations in their development were not present, at least at the ages tested, and suggesting the need to evaluate this parameter at later time points in life. In the fed condition, serum glucose was significantly higher in males than in females, as had been previously described in other mice strains (1, 22) . No differences in either fasting or fed blood glucose levels were observed between genotypes in either sex. Females generally manifested better glucose tolerance than males, which has been suggested to be due to greater insulin sensitivity in liver and adipose tissue in this sex (1, 22) . Interestingly, the blood glucose excursion after an intraperitoneal glucose load was significantly smaller in GABA B Ϫ/Ϫ mice than in controls in both sexes, with this difference being more pronounced in males. A significant increase in pancreatic insulin content with regard to wild-type controls was observed only in GABA B Ϫ/Ϫ males. Furthermore, blood insulin was higher in GABA B Ϫ/Ϫ males, both basally and after a 3 g/kg glucose challenge compared with wild-types, although the percent increase over basal levels was similar in both genotypes, indicating a similar response capacity.
To determine whether this difference in insulin secretion between genotypes could be the consequence of an altered physiological response to local GABAergic stimulation due to the absence of functional GABA B receptors, Langerhans islets from wild-type and GABA B Ϫ/Ϫ males were cultured in vitro and subjected to GSIS studies in the presence or absence of the GABA B agonist baclofen. As demonstrated before (9, 11) , baclofen inhibited the GSIS in wild-type islets without altering basal levels. Loss of GABA signal input through GABA B receptors was demonstrated in the islets of knockout mice, as the GABA B agonist did not modify the GSIS in these islets. It has been described previously (60) that glucose-induced electrical activity of the ␤-cell leads to the opening of voltagegated calcium channels with subsequent Ca 2ϩ influx and Ca 2ϩ -dependent exocytosis of both insulin and GABA. In addition, it has been proposed that this GABA released from ␤-cells functions as an autocrine inhibitor of insulin secretion in pancreatic islets (9) . Therefore, the increased insulin secretion observed in vivo in GABA B Ϫ/Ϫ mice may be the consequence of the loss of this local GABAergic regulation.
An apparent difference in the degree to which each sex of the GABA B knockout colony was affected in their glucose homeostasis regulation was observed, with males being more affected than females, similar to sex differences observed in other transgenic/knockout models (16) . These may be due specifically to the absence of functional GABA B receptor expression in the pancreas or to other sex-specific alterations observed in GABA B Ϫ/Ϫ mice, such as an increase in basal prolactin secretion, which we have observed only in males (12) . Prolactin and its related hormones have been demonstrated (10, 41) to stimulate insulin gene transcription, biosynthesis, and secretion and to increase ␤-cell proliferation; therefore, a possible participation of this hormone in the more marked increase in insulin content and secretion in males cannot be disregarded. The GABA B1 lox511/lox511 mice, in which a temporal and spatial conditional inactivation of the GABA B1 gene can be obtained, could serve to discriminate between these situations (24) .
An alteration in the endocrine pancreas histology was also observed in GABA B Ϫ/Ϫ males, with an increase in the population of very large islets, which corresponded to 10% of islet number and 42% of the insulin-positive area. An increase in the proportion of very large islets was also shown in a severe murine model of type 2 diabetes, the muscle IGF-I receptorlysine-arginine mouse, which expresses a dominant negative IGF receptor in skeletal muscle (2) , as well as in NOD mice (29) . Whether these very large islets in the GABA B Ϫ/Ϫ males have an increased secretion capacity or the increase in secretion is a phenomenon general to all islets remains to be studied. The increase in very large islets is intriguing. It has been demonstrated (44) that the ontogeny of islet cells in early life involves a balance between replication and neogenesis and programmed cell death of ␤-cells. Which of these phenomena may be altered in GABA B Ϫ/Ϫ mice is yet unknown, but it is interesting to note that GABA B receptors interact directly with transcription factors such as activating transcription factor 4/cAMP response element-binding protein 2 (40) or CCAAT/ enhancer-binding protein homologous protein (50) , and therefore, the lack of functional GABA B receptors may alter the normal expression of one or more targets in the islet or the whole animal. In this context, two growth factors known to induce islet cell hyperplasia and decrease apoptosis are IGF-I and IGF-II (26, 27, 45) , and their pancreatic expression will be studied in GABA B Ϫ/Ϫ mice from birth to adulthood. Conversely, pancreatic histology was similar in both female genotypes, in agreement with minor alterations in glucose homeostasis in GABA B Ϫ/Ϫ females. Interestingly, the higher fasting insulin levels in GABA B Ϫ/Ϫ males in the presence of normal glucose suggested a condition of insulin resistance. A significantly increased HOMA-IR index in these animals reinforced this observation. Moreover, insulin tolerance was also significantly impaired in GABA B Ϫ/Ϫ males. Therefore, GABA B Ϫ/Ϫ mice, particularly the males, show a complex alteration of glucose homeostasis. On the one hand, lack of functional GABA B receptors results in an increase in pancreatic insulin content that improved the response to a moderate glucose overload (2 g/kg). On the other hand, at higher glucose concentrations, such as 3 g/kg, although insulin is increased vs. wild type, a somewhat impaired GTT was observed. These results suggest that in the first condition the ability of the pancreas to secrete more insulin is dominant, whereas with a higher glucose challenge insulin resistance appears in agreement with an increased HOMA index and an impaired ITT in GABA B Ϫ/Ϫ mice. An increase in insulin content and secretion in GABA B Ϫ/Ϫ mice would be in agreement with the hypothesis that pancreatic GABA inhibits insulin secretion (53) through GABA B receptors (9, 11) , because in these animals the neurotransmitter would not be able to exert its effect in ␤-cells, and therefore, an increase in insulin can be expected, suggesting the participation of GABA B receptors in this regulation in vivo. On the other hand, the increase in the HOMA-IR index and the impaired ITT may be the consequence of a sustained increase in insulin secretion that would induce insulin resistance in peripheral tissues, as has been described in functional insulinomas (39, 51, 54) , where alterations in insulin receptor splice variants, signaling, and binding have been demonstrated. Whether other hormones involved in the regulation of glucose homeostasis, such as glucagon and somatostatin, are also affected in the GABA B Ϫ/Ϫ mouse will have to be determined. Although previous studies suggested that glucagon is regulated mainly by GABA through GABA A receptors (60, 62) and somatostatin is either not dependent on GABA (19, 48) or only through GABA A receptors (47), the lack of GABA B receptor expression may have caused changes in other components of the islet GABA system and indirectly affected these hormones.
Our observations demonstrate that GABA B receptors are involved in the regulation of glucose homeostasis in vivo, as established by pharmacological studies and in GABA B receptor knockout mice. In addition, they show that young adult male GABA B Ϫ/Ϫ mice have alterations similar to those determined in the prediabetic stage, with normal fasting glucose levels, an increase in insulin secretion, islet hyperplasia, and an incipient insulin resistance. Some of these results are similar to those obtained in prediabetic NOD mice (1, 29) and therefore suggest that GABA B Ϫ/Ϫ mice may be an interesting model to study the characteristics of the prediabetic stage and the potential development of diabetes. Observations will be conducted earlier in life to determine at which developmental stages alterations appear and later in adult life to determine whether these animals eventually become fully diabetic. In addition, the specific intracellular mechanisms underlying the increased insulin production and/or secretion in GABA B knockout males as well as the alterations in peripheral tissues leading to insulin resistance are already under investigation. Our first set of evidence shown herein demonstrates that islets from GABA B knockout mice cannot respond to local GABA like their wild-type counterparts.
Furthermore, these results point to the potential side effects of GABA B drug administration on glucose homeostasis. Both agonists and antagonists are in use or being evaluated for future use. The former, such as baclofen, are used in the treatment of (filled bars) mice. Three different pancreas sections from each animal (n ϭ 5) were immunostained for insulin and subjected to morphometric analysis. A: no. of islets relative to pancreas area. B: %distribution of islet number according to size, 2-way ANOVA, NS. C: islet area relative to total pancreas area. D: %distribution of islet area according to islet size, 2-way ANOVA, NS. spasticity and trigeminal neuralgia, and they are also being evaluated for the therapeutic treatment of dependence on drugs of abuse, as baclofen has been shown to decrease cravings for various drugs; the latter, such as the antagonist SGS742, are in advanced clinical trials for cognitive impairment (7) .
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